Inhibition of gene expression by catalytic RNA (ribozymes) requires that ribozymes efficiently cleave specific sites within large target RNAs. However, the cleavage of long target RNAs by ribozymes is much less efficient than cleavage of short oligonucleotide substrates because of higher order structure in the long target RNA. To further study the effects of long target RNA structure on ribozyme cleavage efficiency, we determined the accessibility of seven hammerhead ribozyme cleavage sites in a target RNA that contained human immunodeficiency virus type 1 (HIV-1) vif-vpr. The base pairing-availability of individual nucleotides at each cleavage site was then assessed by chemical modification mapping. The ability of hammerhead ribozymes to cleave the long target RNA was most strongly correlated with the availability of nucleotides near the cleavage site for base pairing with the ribozyme. Moreover, the accessibility of the seven hammerhead ribozyme cleavage sites in the long target RNA varied by up to 400-fold but was directly determined by the availability of cleavage sites for base pairing with the ribozyme. It is therefore unlikely that steric interference affected hammerhead ribozyme cleavage. Chemical modification mapping of cleavage site structure may therefore provide a means to identify efficient hammerhead ribozyme cleavage sites in long target RNAs.
INTRODUCTION
The hammerhead ribozyme is a relatively small (∼34 nt) RNA that has a conserved central core that is required for catalytic activity surrounded by stems I, II and III (1) (2) (3) . In the three-dimensional structure of the hammerhead ribozyme, stems I, II and III are A-form helices arranged in a Y-shape with stems I and II in close proximity ( Fig. 1) (4, 5) . Substrate cleavage by the hammerhead ribozyme occurs most efficiently 3′ to the nucleotide sequence NUH (where N is any nucleotide and H is any nucleotide but G), although not all NUH sites are cleaved equally well (6) . To maintain high specificity when the hammerhead ribozyme is used as a gene inactivating agent, stems I and III are each formed by five or six specific base pair interactions between the ribozyme and the substrate (7, 8) . Thus, the substrate recognition sequence N 5 UHN 6 allows efficient and specific cleavage by the hammerhead ribozyme.
The use of hammerhead ribozymes to inhibit gene expression requires that ribozymes efficiently cleave specific sites in target RNA molecules (9) . However, secondary structure in short oligonucleotide substrates results in an increased K m and inhibition of assembly of the ribozyme substrate complex (10) . Likewise, ribozyme cleavage of a long target RNA at sites with known secondary structure is much less efficient than cleavage of short oligonucleotide substrates (11) because of decreases in both the rate of the association step (increased K m ) and the chemical step (decreased k cat ; [12] [13] [14] [15] [16] . That long target RNA structure affects ribozyme cleavage is further supported by the finding that cleavage of target RNAs by protein ribonucleases predicts efficient hammerhead ribozyme cleavage (16) (17) (18) . Although the structure of long target RNAs predicted by energy minimization algorithms sometimes correlates with ribozyme cleavage efficiency (19, 20) , this method has not proven to be a reliable predictor of ribozyme cleavage efficiency (14, 16, 21, 22) and has not provided insight on how structure at individual target RNA nucleotides affects efficient cleavage. Thus, previous studies have demonstrated that long target RNA structure affects hammerhead ribozyme cleavage but they have not provided a detailed understanding of the determinants of efficient long target RNA cleavage.
Higher order structure of target RNA molecules could interfere with ribozyme association by at least two mechanisms. First, intramolecular base pairing within the target RNA could preclude base pairing between the ribozyme and the cleavage site. Second, the tertiary structure of large target RNAs could inhibit ribozyme association by steric hindrance. To date, the effects of intramolecular base pairs in long target RNAs on hammerhead ribozyme cleavage have not been determined and the role of steric hinderance in the inhibition of ribozyme cleavage is unknown. If the ability of hammerhead ribozymes to inhibit gene expression is to be optimized, it is necessary to better understand the determinants of efficient cleavage of long target RNAs. Toward this goal, the present study was undertaken to determine the effects of structure in a long target RNA on hammerhead ribozyme cleavage. First, the accessibility of sites in a long target RNA to hammerhead ribozyme cleavage was determined. Second, the availability of individual nucleotides at each cleavage site in the long target RNA for base pairing with the hammerhead ribozymes was determined by *To whom correspondence should be addressed. Tel: +1 303 315 8311; Fax: +1 303 315 8681; Email: thomas.campbell@uchsc.edu Figure 1 . Construction of hammerhead ribozymes targeted to specific cleavage sites in vif-vpr RNA. All ribozymes contained the same stem II and catalytic core (indicated by G, A, U or C). The depicted structure is based on the three-dimensional structure of a hammerhead ribozyme (4) . Each nucleotide is numbered as previously described (47) . The nucleotides of the hammerhead ribozyme are numbered in a clockwise direction around the catalytic core, with position 1 located immediately 3′ of the cleavage site. Nucleotides that participate in base-pairs in stems I, II and III have a decimal digit appended to this number to indicate the position of the base-pair relative to the core. Thin lines indicate Watson-Crick base pair interactions. Dashed lines indicate non-Watson-Crick interactions. Ribozymes were targeted to cleavage sites within the 818 nt vif-vpr RNA by nucleotide substitutions in the ribozyme components of stems I and III (indicated by N). The 13 nt recognition site within vif-vpr for each ribozyme consists of a UH site (H is any nucleotide but G) and substrate nucleotides (indicated by italicized letters) that, by specific base pair interactions with the ribozyme, form stems I and III. The complete nucleotide sequence of each recognition site is given in Table 1 . The cleavage site is indicated by an arrow.
quantitative chemical modification mapping. The results of these studies demonstrate that the ability of hammerhead ribozymes to efficiently cleave a long target RNA is directly determined by the availability of nucleotides near the cleavage site for base pairing with the ribozyme and that it is unlikely that steric hindrance significantly affects the accessibility of hammerhead ribozyme cleavage sites.
MATERIALS AND METHODS

Preparation of RNA oligonucleotide substrates
The 4903HH ribozyme and substrate RNA oligonucleotides were provided by Dharmacon Research, Inc. and were deprotected as previously described (23) . All other oligonucleotide RNA ribozymes and substrates were synthesized on an Applied Biosystems 394 DNA/RNA synthesizer. Ribozyme and substrate oligonucleotides for 5218HH and 5320HH were deprotected in concentrated NH 4 OH/ethanol (3:1) overnight at 55_C. After drying in vacuum, silyl protecting groups were removed by resuspending the pellet in 40 equivalents of tetrabutylammonium fluoride (TBAF) per equivalent of silyl (400 µl of 1 M TBAF in THF), and incubated at room temperature overnight, in the dark. Following deprotection, the mixture was brought to 1.6 ml with 0.01 M Tris-HCl, pH 7.5, 0.001 M EDTA, and adjusted to 0.5 M NaCl. Ribozyme and substrate oligonucleotides for 4993HH, 5055HH, 5257HH and 5288HH were deprotected in 40% aqueous methylamine at 65_C for 10 min. After drying in vacuum, 2′-hydroxyl protecting groups were removed by incubation in triethylamine:triethylamine 3HF:n-methyl pyrollidinone (23:31:46, v:v) at 65_C for 90 min. Oligonucleotides were ethanol precipitated and dried. Oligonucleotide RNA hammerhead ribozymes were purified by electrophoresis on a denaturing 15% polyacrylamide gel, localized by UV shadowing. Excised gel slices were eluted with H 2 O, and eluents desalted by chromatography on C-18 Sep-Pak columns (Waters). Concentrations of RNA oligonucleotides were determined by absorption spectrophotometry.
Oligonucleotide RNA substrates were 5′ end-labeled in a 10 µl reaction that contained: 25 pmol RNA, 150 µCi [γ-32 P]ATP (6000 Ci/mmol, New England Nuclear ), 10 U T4 polynucleotide kinase (New England Biolabs), 70 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , and 5 mM dithiothreitol. Reactions were incubated for 30 min at 37_C. End-labeled oligonucleotides were purified by electrophoresis on a denaturing 20% polyacrylamide gel, excised gel slices were eluted with H 2 O, and eluents desalted by chromatography on C-18 Sep-Pak columns. The concentration of purified end-labeled oligonucleotides was estimated by scintillation counting.
Preparation of the vif-vpr substrate RNA
Long substrate RNA was transcribed from pT7vif which contains human immunodeficiency virus type 1 (HIV-1) LAI vif and the 5′ region of vpr (nt 4585-5345 of HIV-1 LAI) in the SpeI-PstI site of pGEM5zf+. Transcription mixtures contained 25 µg of pT7vif linearized with SalI, 40 mM Tris-HCl, pH 7.5, 12 mM MgCl 2 , 1 mM each of CTP, UTP, ATP and GTP, 4 mM spermidine, 10 mM dithiothreitol, and 1000 U T7 RNA polymerase in a 5 ml final volume. The 818 nt RNA was localized by UV shadowing, excised and eluted in 5 ml of 0.01 M Tris-HCl, pH 7.5, 0.001 M EDTA and 0.25 M NaCl at 4_C overnight. RNA was precipitated with 2.5 vol of 100% ethanol, washed twice with 70% ethanol and resuspended in 200 µl H 2 O. Purified vif-vpr RNA was quantitated spectrophotometrically (assuming 1 OD 260 = 40 µg/ml of RNA). The vif-vpr transcript was 3′ end-labeled in a 50 µl reaction which contained 25 pmol RNA, 100 µCi [α-32 P]cordycepin 5′-triphosphate (5000 Ci/mmol, New England Nuclear), 2500 U yeast polyA polymerase (United States Biochemical), 20 mM Tris-HCl, pH 7.0, 50 mM KCl, 7 mM MnCl 2 , 0.2 mM EDTA, 100 µg/ml acetylated BSA and 10% glycerol, and incubated at 30_C for 20 min (24) . Following end-labeling, vif-vpr RNA was gel purified as described above and quantitated by scintillation counting. Immediately prior to use in kinetic or chemical modification assays, the vif-vpr transcript was heated to 50_C for 10 min and cooled to 37_C for 2 min.
Kinetics
The apparent second order rate constant for reaction of free substrate and ribozyme, (k cat /K m ) S , was determined under single-turnover conditions. Ribozyme was renatured in 20 mM MgCl 2 at 50_C for 10 min and cooled to 37_C for 2 min. Final reactions (50 µl) contained 2-100 nM ribozyme, ∼0.5 nM end-labeled substrate, 50 mM Tris-HCl, pH 7.5 (at 37_C), 10 mM MgCl 2 , 10 mM NaCl and 140 mM KCl. Reactions were initiated by addition of substrate (pre-warmed to 37_C for 2 min), and 7 µl aliquots were removed at specified times and mixed with an equal volume of stop solution (82% formamide, 50 mM EDTA, 0.04% xylene cyanol and 0.04% bromophenol blue, and 2× TBE). Substrate and product were separated by denaturing polyacrylamide gel electrophoresis and quantitated with a Molecular Dynamics PhosphorImager. The data obtained for short substrates were corrected for unreactive substrate (range 0.04-0.2) by (fraction S -fraction S unreactive )/(1 -fraction S unreactive ) and the pseudo-first order rate constant determined from plots of fraction substrate versus time, followed to <5% substrate remaining. For determination of (k cat /K m ) long S the pseudo-first order rate constant was determined from initial rates of reaction obtained from plots of substrate remaining versus time, followed to no less than 10% substrate remaining.
Chemical modification mapping
Chemical modification mapping of the vif-vpr transcript was performed under conditions that were similar to the conditions used for ribozyme kinetic studies. The extent of base pairing at A and C was determined by reaction of vif-vpr RNA with dimethyl sulfate (DMS). DMS (Aldrich Chemical Co, Inc.) was diluted 1:1 (vol:vol) in ethanol immediately prior to use. The reaction mixture contained 14 pmol of purified vif-vpr RNA, 70 mM HEPES-KOH, pH 7.8, 10 mM MgCl 2 , 10 mM NaCl, 140 mM KCl, 1 mM DTT in a final volume of 200 µl. The reaction mixture was heated to 50_C for 10 min, then cooled to 37_C. The vif-vpr transcript was modified with DMS by addition of 1 µl of dilute DMS to the 200 µl reaction mixture and incubated at 37_C for 10 min. This incubation time was chosen because in time course experiments it was the minimum time required to give primer extension stops that were easily detected and quantitated (see below). The reaction was terminated by the addition of 50 µl DMS stop solution (1 M β-mercaptoethanol, 1.5 M NaOAC, 1.0 M Tris pH 7.5, 0.1 mM EDTA) and incubated on ice. Modified RNA was precipitated by addition of 750 µl of ethanol and washed with 450 µl of 70% ethanol. Modified RNA was dried and resuspended in 150 µl of 300 mM Na acetate, extracted with phenol:chloroform:isoamyl alcohol, ethanol precipitated, washed with 70% ethanol, dried and resuspended in 30 µl of H 2 O. Controls were treated in an identical fashion and included RNA to which no DMS was added, and RNA to which the DMS stop solution was added prior to the addition of DMS.
The extent of base pairing at G and U was determined by reaction of vif-vpr RNA with 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMCT). Prior to use, CMCT (Sigma) was dissolved in CMCT buffer (70 mM HEPES-KOH pH 7.8, 10 mM MgCl 2 , 10 mM NaCl, 140 mM KCl) at a final concentration of 42 mg/ml. The reaction mixture contained 14 pmol vif-vpr RNA in 20 µl reaction buffer (see above). The reaction mixture was heated to 50_C for 10 min and cooled to 37_C for 10 min. After addition of 20 µl of CMCT, the reaction mixture was incubated at 37_C for 20 min. This incubation time was chosen because it was the time required to give primer extension stops that were comparable in intensity to DMS primer extension stops at adjacent nucleotides. The CMCT reaction was terminated by the addition of 100 µl 0.3 M NaOAc, followed by ethanol precipitation and phenol:chloroform:isoamyl alcohol extraction as described above for DMS modified RNA. Controls were treated in an identical fashion and included RNA to which no CMCT was added, and RNA to which the CMCT stop solution was added prior to the addition of CMCT.
Modifications in the vif-vpr transcript by DMS or CMCT were detected by extension of oligonucleotide primers by reverse transcriptase. Four primers were designed to anneal to sites located ∼100 nt apart in the vif-vpr transcript: V5330A, 5′-GGGCTGCAGCAGTTGTTGCAG-3′; V5228A, 5′-ATCCT-AGGAAAATGTCTAACAGC-3′; V5122A, 5′-CCATCTATCC-TCTGTCAGTTTCG-3′; V5031A, 5′-GATCCTACCTTGTTA-TGTCCTGC-3′. Primers were 5′ end-labeled with T4 polynucleotide kinase as described above for RNA oligonucleotides. Each primer was annealed to either modified or unmodified vif-vpr RNA in an annealing mix that contained 2 pmol RNA, 1 pmol 32 P end-labeled primer, 0.05 M Tris-HCl pH 8.3, 0.06 M NaCl, 0.01 M DTT in a final volume of 12 µl, by incubation at 90_C for 3 min followed by cooling to room temperature. The primer extension reaction contained 2 µl of annealing mix and 0.4 mM dNTPs, 1 U AMV reverse transcriptase (Life Sciences, Inc.), 0.05 M Tris-HCl pH 8.3, 0.06 M NaCl, 0.01 M DTT and 0.03 M MgOAc in a final volume of 5 µl. Primer extension reactions were incubated at 50_C for 30 min. In addition, an RNA sequencing ladder was created by primer extension of unmodified vif-vpr RNA under the same conditions except that either ddGTP, ddCTP, ddATP or ddTTP were added to the reaction at a final concentration of 80 µM. Primer extension was terminated by the addition of stop solution (0.4× TBE, 0.04% bromophenol blue, 0.04% xylene cyanol, 94% formamide) and all reactions were resolved by electrophoresis on denaturing 8% polyacrylamide gels. Each primer extension reaction was analyzed twice on the same polyacrylamide gel: in a long run in which the xylene cyanol was run to the bottom of the gel and a short run in which the bromophenol blue was run to the gel bottom. Treatment of vif-vpr RNA with DMS or CMCT as described above resulted in 80-90% decreases in the amount of full-length primer extension product. Thus, it is possible that in this analysis a single molecule of vif-vpr transcript was modified more than once.
Individual bands in the lanes that corresponded to modified or unmodified RNA were quantitated by volume integration with a Molecular Dynamics PhosphorImager and ImageQuaNT software. The identity of each band was confirmed by comparison to the dideoxynucleotide sequencing lanes. To correct for differences in gel loading between the short and long runs, the integrated volumes of individual bands that were present in each lane in both the short and long runs were used to normalize the long run values to the short run values. The integrated volume of each band was then corrected for variation in gel loading and phosphorimager screen exposure by dividing each individual value by the total integrated volume above the primer in that lane in the short run (25) . The normalized band volume for each nucleotide was then calculated as the difference between the corrected band volume in the modified lane and the corrected band volume in the unmodified lane. All statistical analyses were performed with StatView software (Abacus Concepts, Berkeley, CA).
RESULTS
Determination of target RNA cleavage site accessibility
Hammerhead ribozymes were targeted to 15 sites in the vif-vpr region of HIV-1. The vif-vpr region was chosen as a target for anti-HIV-1 ribozymes because this region is important for viral infectivity, and the nucleotide sequence of this region is highly conserved among different HIV-1 isolates (26) . All hammerhead ribozymes contained the stem II and conserved catalytic core nucleotides shown in Figure 1 , and differed only in the nucleotide composition of stems I and III. The collective GC content of the hammerhead recognition sites (40%) was similar to the overall GC content of the 818 nt vif-vpr transcript (43%). The accessibility of cleavage sites in the long target RNA to hammerhead ribozymes was determined by analysis of cleavage reactions performed under conditions in which the association step was expected to be rate-limiting. First, the apparent second order rate constant for the reaction of free ribozyme and free short substrate, (k cat /K m ) short S , was determined with 13 nt synthetic substrates that were not predicted to form stable secondary structures. Analysis of short substrate cleavage reactions by electrophoresis on denaturing polyacrylamide gels revealed only a single cleavage product and, on semi-logarithmic plots, short substrate cleavage was linear to no less than 5% of substrate remaining ( Fig. 2A) . For all ribozymes, the rate of short substrate cleavage was proportional to ribozyme concentration (Fig. 3A) and the apparent second order rate constant, (k cat /K m ) short S , was determined from the slope of these lines (Table  1) . For a hammerhead ribozyme, (k cat /K m ) S = k on S ≈ 2 × 10 7 M -1 min -1 (27) . Cleavage of short oligonucleotide substrates by ribozymes 4903HH, 4993HH, 5055HH, 5218HH, 5257HH, 5288HH and 5320HH gave values of (k cat /K m ) short S that are similar to the value of k on S for a hammerhead ribozyme. The value of (k cat /K m ) short S for these ribozymes is also within the range of the second order rate constant for RNA bimolecular helix formation (10 7 -10 8 M -1 min -1 at 32.4_C; 28, 29) . Thus, it is likely that (k cat /K m ) short S for these seven ribozymes represents the rate of association of free ribozyme and free substrate. Eight other hammerhead ribozymes targeted to sites in vif-vpr (4957, 4975, 5016, 5025, 5057, 5084, 5234 and 5276) were found to have values of (k cat /K m ) short S that were significantly less than the range of the second order rate constant for RNA bimolecular helix formation; these ribozymes were not evaluated further.
Next, the apparent second order rate constant for the reaction of free ribozyme and free long substrate, (k cat /K m ) long S , was determined with the 818 nt vif-vpr transcript. Long substrate cleavage by ribozymes 4903HH, 4993HH, 5055HH, 5218HH and 5257HH under single-turnover conditions was followed to no less than 25% substrate remaining. At all ribozyme concentrations tested substrate cleavage was linear on pseudo first-order plots of the data (Fig. 2B) . The rate of substrate cleavage was proportional to ribozyme concentration (Fig. 3B ) and the slopes of these lines is the apparent second order rate constant, (k cat /K m ) long S , for reaction of ribozyme with long substrate (Table 1) . Cleavage of the long substrate by ribozymes 5288HH and 5320HH occurred in at least two phases (Fig. 2B) : ∼34% of the 5288 substrate was cleaved in a fast phase, followed by a second slower phase that was followed to no less than 12% substrate remaining. Approximately 29% of the 5320 substrate was cleaved initially in a fast phase, nM ribozyme. For 4903HH, 4993HH, 5055HH, 5218HH and 5257HH lines were fitted by linear regression and the slope of these lines is k obs . For 5288HH and 5320HH lines represent the least squares fit of the data to the equation that describes double exponential decay: F S = F fast e -(kfast)t + F slow e -(kslow)t , where F S is the fraction of substrate remaining at time t, F fast is the fraction of substrate that is cleaved at rate k fast , F slow is the fraction of substrate that is cleaved at rate k slow , and F 1 + F 2 = 1. For 5288HH and 5320HH, k obs =F fast k fast + F slow k slow . followed by a second slower phase that was followed to no less than 10% substrate remaining. Biphasic cleavage of long substrate by 5288HH and 5320HH was observed at all ribozyme concentrations tested, and both the fast and slow rates of cleavage were dependent on ribozyme concentration. Since cleavage of short substrate by both of these ribozymes was linear to <20% substrate remaining ( Fig. 2A) , these results are not due to two kinetically different ribozyme forms. Both phases of cleavage were second order and it is likely that each phase is the result of reaction of ribozyme and a distinct long substrate conformer. At each ribozyme concentration the weighted average rate of long substrate cleavage was calculated. The value of (k cat /K m ) long S for these ribozymes reflects both the apparent association rate with each substrate form, and the proportion of substrate forms present (Table 1) .
For each ribozyme, the accessibility of the long substrate cleavage site was determined by the ratio of (k cat /K m ) long S to (k cat /K m ) short S . Since (k cat /K m ) short S likely represents the ribozyme association rate in the absence of inhibitory substrate structure, and (k cat /K m ) long S likely represents the rate of long substrate association, the ratio (k cat /K m ) long S /(k cat /K m ) short S indicates the accessibility of specific sites within the long substrate to ribozyme. For ribozymes 4903HH, 5288HH and 5320HH long substrate cleavage was followed to <25% long substrate remaining and the ratio (k cat /K m ) long S /(k cat /K m ) short S for these ribozymes indicates the accessibility of these sites in the majority of substrate molecules. However, the 4993HH, 5055HH, 5218HH and 5257HH cleavage reactions were followed to between 40% and 95% long substrate remaining. Thus, for 4993HH, 5055HH, 5218HH and 5257HH the value of (k cat /K m ) long S represents an initial rate of reaction and the ratio (k cat /K m ) long S /(k cat /K m ) short S is a maximum estimate of cleavage site accessibility.
Analysis of the effect of long substrate structure on hammerhead ribozyme cleavage site accessibility
The accessibility of sites in the long substrate to ribozyme cleavage differed by up to 400-fold (Table 1) . We next sought to determine the reason for the great differences in ribozyme accessibility by analysis of long substrate structure with chemical modification mapping (30,31, reviewed in 32) . DMS reacts with A and C nucleotides that are not involved in base pairs. Likewise, CMCT reacts with G and U nucleotides that are not involved in base pairs. To determine the availability of each cleavage site for base pairing with ribozyme, the 818 nt vif-vpr transcript was reacted with DMS or CMCT under conditions similar to those used to determine ribozyme accessibility. The strength of chemical modification by DMS, or CMCT, at each individual nucleotide in this region of the vif-vpr transcript was quantitated by phosphorimager analysis of the gels shown in Figure 4 . Each band in the DMS and CMCT lanes was volume integrated and expressed as a normalized band volume (maximum value 0.018; see Materials and Methods for a detailed description of normalized band volume calculation). Since DMS and CMCT react with non-base paired nucleotides, the normalized band volume for each nucleotide (Fig. 5) indicates the availability of that nucleotide for base pairing.
Close inspection of the data in Figure 5 reveals that the accessible ribozyme site 5320 was strongly chemically modified (normalized band volume of ≥50% of the maximum value, or ≥0.009) at five of 13 nt, and intermediately chemically modified (normalized band volume of 25-50% of the maximum value, or ≥0.004 but <0.009) at four of 13 nt. The inaccessible ribozyme site 5218 was weakly chemically modified (normalized band volume <25% of the maximum value, or <0.004) at 11 of 13 nt. While the 5320 and 5218 sites showed a fairly uniform distribution of chemical modification, the accessible 5288 and the inaccessible 5257 sites (the accessibility of these two sites differed by 100-fold; Table 1 ) showed an asymmetric pattern of chemical modification. Comparison of the chemical modification patterns of the 5288 and 5257 site nucleotides suggested that the availability of nucleotides near the cleavage site for base pairing could be a more important determinant of ribozyme accessibility than the availability of nucleotides at the distal ends of stems I and III.
We next quantitatively analyzed the effect of each of the 13 individual nucleotides in the hammerhead recognition sites on cleavage site accessibility. This analysis was performed by plotting the cleavage site accessibility for each ribozyme (from Table 1 ) versus the availability of each nucleotide, in each 13 nt recognition site, for base pairing (normalized band volume from Fig. 5 ). This generated a series of 13 plots. The data in each plot were fitted by linear regression and the coefficient of determination (r 2 ) for each nucleotide of the hammerhead ribozyme recognition site was determined. In linear regression analysis, r 2 is a measure of the portion of changes in the dependent variable (i.e., cleavage site accessibility) that are the result of changes in the independent variable (i.e., the availability of each nucleotide; 33). Therefore, the value of r 2 for each nucleotide position is a measure of the relationship between ribozyme cleavage site accessibility and the availability of each recognition site nucleotide for base pairing with the ribozyme. Cleavage site accessibility was not dependent on nucleotide availability at the distal ends of stems I and III, but was highly dependent on the availability of nucleotides close to the cleavage site (Fig. 6A) .
The strong correlation between cleavage site accessibility and nucleotide base pairing availability for nucleotides 16.2, 17 and 1.1 (Figs 1 and 6A) suggested that the substrate nucleotides in the central part of ribozyme-substrate complex were crucial determinants of ribozyme accessibility. We therefore examined the relationship between cleavage site accessibility in the long substrate and the average availability of each NUHN site. Linear regression analysis of cleavage site accessibility and the mean normalized band volume for each ribozyme NUHN site gave a value of r 2 = 0.87 (Fig. 6B) . Thus, ∼90% of the observed differences in hammerhead cleavage site accessibility resulted from the availability (or unavailability) of the nucleotides in the NUHN cleavage site for base pairing with the ribozyme.
The availability of cleavage site nucleotides for base pairing does not determine Tetrahymena ribozyme cleavage site accessibility
In contrast to the hammerhead ribozyme, the ribozyme derived from the self-splicing intron of Tetrahymena thermophila is a much larger molecule (388 nt) that base pairs to a 6 nt substrate cleavage site (N 5 U). Previously, we determined the accessibility of sites in the vif-vpr transcript for five Tetrahymena ribozymes ( Table 2 ). The conditions of temperature, pH, magnesium and monovalent salt concentration were identical to those employed in the present study of hammerhead ribozyme accessibility. In contrast to hammerhead ribozymes, the accessibility of Tetrahymena ribozyme cleavage sites in the long substrate was not dependent on the availability of any nucleotide in the N 5 U recognition site (Fig. 6C) . Likewise, Tetrahymena ribozyme cleavage site accessibility was not dependent on the mean availability of each N 5 U site (Table 2 ; r 2 = 0.12). Nucleic Acids Research, 1997, Vol. 25 
DISCUSSION
It was not surprising to find in the present study that cleavage of the long target RNA by hammerhead ribozymes was inhibited 25-10 000-fold, compared to cleavage of short substrates. The present study is unique, however, because quantitative chemical modification mapping of the individual nucleotides in each ribozyme recognition site was used to determine the relationship between the availability of cleavage sites for base pairing with the hammerhead ribozyme and long target RNA cleavage efficiency. The simple three-dimensional structure of a hammerhead ribozyme suggests that its ability to associate with cleavage sites within a long target RNA is determined by the ability to form stems I and III by specific base pair interactions with the target. Intramolecular base pairs at the cleavage site, that result from either secondary or tertiary structure in the target RNA, would be expected to inhibit association. We observed a direct relationship between the accessibility of long substrate cleavage sites to hammerhead ribozymes and the availability of cleavage site nucleotides for chemical modification (Fig. 6B) . It is important to note that this relationship existed over a 400-fold range of cleavage site accessibility and, because we studied ribozymes that had a broad spectrum of long target RNA cleavage efficiencies, these results are not overly influenced by highly efficient or inefficient ribozymes. Therefore the relationship between the accessibility of long substrate cleavage sites to hammerhead ribozymes and the availability of cleavage site nucleotides for chemical modification explains not only why the efficient ribozymes worked well, but also explains why the inefficient ribozymes worked poorly.
Even though ribozyme cleavage site accessibility was directly related to the availability of the cleavage site for base pairing, the rate of cleavage at the most accessible site in the vif-vpr transcript (site 5320) was still 30-fold slower than the rate of short substrate cleavage. Hammerhead ribozyme cleavage of a long target RNA is much less efficient than cleavage of short oligonucleotide substrates because of decreases in both the rate of the association step (increased K m ) and the chemical step (decreased k cat ; 13, 14, 16) . Even for sites in a long target RNA that are efficiently cleaved, up to a 300-fold decrease in the rate of the chemical step and a 3-fold increase in the value of K m are observed (16) . In the present study, ribozyme cleavage of the long target RNA was conducted under conditions in which the association step appeared to be rate limiting. Thus, it is likely that even though the 5320 site was the most accessible site, ribozyme association with this site is inhibited by target RNA structure. It is unlikely that the 30-fold difference between the rates of long and short substrate cleavage by this ribozyme is due to an effect of the long substrate on the chemical step.
Cleavage of structured RNA molecules by protein ribonucleases is inhibited by steric interference (34) . In our study, the strong relationship between the accessibility of hammerhead ribozyme cleavage sites and the availability of cleavage site nucleotides for chemical modification indicates that the availability of cleavage site nucleotides for base pairing with ribozyme determined long substrate cleavage efficiency. Therefore, it is unlikely that other effects, such as steric interference, significantly inhibited the association of hammerhead ribozymes with the cleavage sites in the long target RNA. In contrast, the availability of individual cleavage site nucleotides for base pairing with Tetrahymena ribozymes did not determine Tetrahymena ribozyme cleavage site accessibility. Thus, it is likely that other factors, possibly steric effects, affected the accessibility of cleavage sites in the long target RNA to the larger Tetrahymena ribozyme. Figure 5 .
The correlation between hammerhead ribozyme cleavage site accessibility and cleavage site nucleotide availability was inversely related to the distance from the cleavage site (Fig. 6A) . Moreover, there was a particularly strong correlation between the ability of hammerhead ribozymes to cleave the long target RNA and the availability of individual nucleotides at substrate positions 16.2 and 1.1 for base pairing. These results are not surprising because, compared to base pair mismatches that are away from the cleavage site, base pair mismatches near the cleavage site (in the proximal ends of stems I and III) cause a much greater reduction in the rate of substrate cleavage by hammerhead ribozymes (35, 36) . In particular, base pair mismatches at nucleotides 16.2 and 15.2, and at nucleotides 1.1 and 2.1, greatly decrease hammerhead ribozyme catalysis. Our findings indicate that the ability of cleavage site nucleotides 16.2 and 1.1 to form base pairs with the ribozyme is an important determinant of efficient cleavage of long target RNAs.
We found a strong correlation between ribozyme cleavage site accessibility and NUHN site availability. This finding suggests that an available NUHN site is an indispensable component of efficient ribozyme cleavage of a long target RNA and that the availabilities of individual nucleotides in the more distal portions of stems I and II are less important determinants of cleavage site accessibility. However, this finding does not mean that an available NUHN site is the sole determinant of cleavage site accessibility. It is also important to note that these conclusions are based on analysis of only seven cleavage sites in a single long target RNA. Therefore, we cannot exclude the possibility that these results are not generalizable to other long target RNAs that have different nucleotide base compositions and possess different secondary and tertiary structures.
For the most part, hammerhead ribozymes used in therapeutic applications have been targeted to sites in long mRNA molecules. Although some mRNAs contain regions of defined structurefunction relationship (37) (38) (39) , the structure of most mRNAs is unknown. Analysis of a β-globin mRNA with a combinatorial oligodeoxynucleotide array found that only a small portion of the mRNA was available for heteroduplex formation, suggesting that most of the mRNA was in structures that precluded oligonucleotide binding (40) . The vif-vpr transcript used in the present study contained a relatively small portion of much larger HIV-1 mRNAs and genomic RNAs. This portion of HIV-1 RNAs contains two overlapping open reading frames and is not known to contain any cis-acting signals that might have structural significance. Under conditions of near physiological pH and monovalent salt concentration, but in the absence of protein, most nucleotides were not available for chemical modification and were likely to be involved in RNA structure. Thus, only a small fraction of all potential ribozyme cleavage sites were available for efficient hammerhead ribozyme cleavage. It is possible that the structure of the vif-vpr region is different when it is part of larger viral RNAs and the relevance of our findings to the structure of HIV-1 mRNAs and genomic RNA in cells, or in virions, is unknown.
The accessibility of sites in a long target RNA to hammerhead ribozyme cleavage was directly related to the availability of the cleavage site for chemical modification by DMS and CMCT. This finding suggests that hammerhead ribozymes that efficiently cleave a long substrate in vitro can be designed by quantitative chemical modification mapping of ribozyme cleavage sites. However, since the correlation between ribozyme cleavage efficiency in vitro and ribozyme efficacy in the cellular environment is variable (17) (18) (19) 41, 42) , the identification of efficient ribozyme cleavage sites in intracellular RNAs could provide a direct approach to the design of therapeutic ribozymes. Since DMS has been used to map RNA structure in cells (43) (44) (45) , it should be possible to use quantitative chemical modification mapping of intracellular RNAs to design ribozymes that effectively inhibit gene expression in vivo.
In order to more effectively apply ribozymes as therapeutic agents it is first necessary to better understand the determinants of efficient long target RNA cleavage. The present study provides the first detailed analysis of the effects of long target RNA structure on hammerhead ribozyme cleavage. Our results from studies with a single target RNA support a model in which the majority of nucleotides in a long target RNA are involved in higher order structure that precludes ribozyme cleavage. The ability of a hammerhead ribozyme to cleave a site in a long target RNA is determined by the availability of nucleotides near the cleavage site for base pairing with the ribozyme. Although the accessibility of cleavage sites to hammerhead ribozymes does not seem to be affected by steric interference from target RNA structure, steric interference may affect the accessibility of larger ribozymes. Validation of this model will require further studies with other long target RNAs and correlations with ribozyme efficacy in the cellular environment. In addition to providing a better understanding of how hammerhead ribozymes interact with long target RNAs, it is expected that our findings will also be applicable to other gene inhibition strategies, such as antisense oligonucleotides, that require the association of a relatively small nucleic acid molecule with a specific site in a large, structured target RNA.
